Introduction
============

Heat shock protein 70 (Hsp70), used herein to denote HSP70A1A, is a molecular chaperone, approximately 70 kDa, that plays a key role in protein homeostasis ([@b1-ijo-54-03-0821]). Its expression is markedly induced by increased environmental temperature ([@b2-ijo-54-03-0821]-[@b4-ijo-54-03-0821]). Hsp70 usually acts together with co-chaperones, forming protein molecular machines ([@b5-ijo-54-03-0821]-[@b7-ijo-54-03-0821]), and its function is carried out by its monomeric form ([@b8-ijo-54-03-0821]). At the molecular level, Hsp70 participates in protein folding ([@b9-ijo-54-03-0821]), degradation ([@b10-ijo-54-03-0821]) and translocation ([@b11-ijo-54-03-0821]), as well as in single-strand DNA repair mechanisms, both in the nucleus and the nucleolus ([@b12-ijo-54-03-0821]). At the cellular level, Hsp70 has been associated with cell viability ([@b13-ijo-54-03-0821],[@b14-ijo-54-03-0821]) as well as apoptosis ([@b15-ijo-54-03-0821],[@b16-ijo-54-03-0821]). Finally, at the organism level, Hsp70 has been linked to several diseases and pathological states, such as neurodegenerative diseases ([@b17-ijo-54-03-0821],[@b18-ijo-54-03-0821]), cancer ([@b19-ijo-54-03-0821],[@b20-ijo-54-03-0821]), PTZ kindling ([@b21-ijo-54-03-0821]), cardiovascular conditions ([@b22-ijo-54-03-0821]-[@b24-ijo-54-03-0821]), spinal cord ischemia ([@b25-ijo-54-03-0821]) and inner ear protection from exposure to inaudible low-frequency noise (LFN) ([@b26-ijo-54-03-0821]).

The upregulation of Hsp70 is relatively common in human tumors, and it is often associated with an enhanced resistance to chemotherapy and a poor patient prognosis ([@b27-ijo-54-03-0821]). Indeed, over the past decade, several proposed strategies have documented that chemotherapy sensitizes cells to death via the selective inhibition of Hsp70. Heat shock proteins, such as Hsp70, inhibit apoptosis by direct physical interaction with apoptotic molecules, which are also overexpressed in several tumor cells ([@b28-ijo-54-03-0821]). The selective depletion of the 70-kDa heat shock protein activates a specific tumor cell death pathway ([@b29-ijo-54-03-0821]-[@b31-ijo-54-03-0821]). This cell death, referred to as anoikis, is a special type of apoptosis: It occurs in response to the lack of cell attachment or inappropriate attachment to the extracellular matrix (ECM) and neighboring cells ([@b32-ijo-54-03-0821]). The property of cancer cells to act independently of survival signals and lack of the ability to adhere efficiently are key mechanisms for the transformation of neoplastic into metastatic cells, since it allows malignant cells to detach and migrate from the primary tumor by escaping cell death ([@b33-ijo-54-03-0821]-[@b35-ijo-54-03-0821]). The ability of Hsp70 to suppress apoptosis by interfering with cell pathways is a field of great interest. Significant results were initially provided by a scientific group suggesting that Hsp70 prevents recruitment of procaspase-9 to the apaf-1apoptosome ([@b36-ijo-54-03-0821]).

Epithelial-to-mesenchymal transition (EMT) is a biological process that allows a polarized epithelial cell to undergo biochemical changes that render it capable of acquiring a mesenchymal phenotype, which includes enhanced migration capacity, invasiveness, an increased resistance to apoptosis and the markedly increased production of ECM components ([@b37-ijo-54-03-0821]). EMT is a critical event in the process of cancer metastasis. In the present study, EMT was considered to be a cellular process that mimics a cancer metastatic step in real tumors. The series of events that occur during metastasis and the implication of Hsp70 are shown in the proposed model of [Fig. 8](#f8-ijo-54-03-0821){ref-type="fig"} (lower panel). The model begins with the creation of the primary tumor, followed by cell detachment/anoikis, the acquisition of the mesenchymal cell phenotype, cell migration and, finally, attachment to a new location distant from the primary tumor. The questions posed at this stage are the following: the reasons as to why Hsp70 is highly accumulated in cancer cells, and the potential roles of this protein that render it an important protein in cancer. Based on these questions, it may be hypothesized that the increased expression of Hsp70 is associated with the particular stage of tumor metastasis.

During EMT, the expression of several epithelial proteins, including those that are part of the ligand complexes ([@b38-ijo-54-03-0821],[@b39-ijo-54-03-0821]), is downregulated. In addition, the whole gene expression pattern is reprogrammed, thus promoting changes in cytoskeletal architecture, mesenchymal cell adhesion and cell interaction with the ECM ([@b40-ijo-54-03-0821]). At the onset of EMT, components of cadherin junctions, tight junctions, desmosomes and gap junctions are destroyed. In addition, several other proteins are relocated to other parts of the cell or are degraded. During the destabilization of adhesions, epithelial E-cadherin undergoes degradation and disappears from the cell membranes ([@b41-ijo-54-03-0821]). Moreover, due to the loss of E-cadherin from the cell junctions, β-catenin, a well-documented cell adhesion protein, is released from the cell adhesions, degraded, and a small part of it translocates to the nucleus where it transactivates several growth-promoting and antiapoptotic genes ([@b42-ijo-54-03-0821]). In addition, the reduction of E-cadherin during EMT leads to the release of catenin p120 from the junctions and its translocation to the nucleus, where it transactivates several genes ([@b43-ijo-54-03-0821]). The above-mentioned changes increase the motility of individual cells and promote the development of a more invasive phenotype.

During EMT, several proteins are downregulated, such as E-cadherin, or upregulated, such as N-cadherin, vimentin, Slug and occludin, which are also used as EMT markers. It is well-known that E-cadherin is an adhesion molecule whose reduction in expression leads to loosening of cell-to-cell adhesion and increased cell migration ([@b44-ijo-54-03-0821]). Another protein, occludin, stabilizes the dissolution of narrow ligands and desmosomes ([@b39-ijo-54-03-0821]). Due to E-cadherin downregulation, the epithelial cells lose their interactions and transform into mesenchymal cells. Subsequently, new interactions are formed between mesenchymal cells mediated by the N-cadherin protein, which is upregulated in mesenchymal cells. These interactions are weaker compared with the homophilic interactions between E-cadherins, and facilitate cell migration and cancer spread ([@b45-ijo-54-03-0821],[@b46-ijo-54-03-0821]).

The role of vimentin in cell migration and EMT of epithelial carcinomas is of great interest ([@b47-ijo-54-03-0821]). It is known that the suppression of vimentin expression inhibits carcinoma cell migration and adhesion ([@b48-ijo-54-03-0821]). The intermediate filament protein, vimentin, is an important marker of EMT and a requisite regulator of mesenchymal cell migration ([@b49-ijo-54-03-0821]).

Slug is a transcriptional repressor of E-cadherin and its overexpression promotes the metastasis of cancer cells ([@b50-ijo-54-03-0821]). Finally, occludin is another marker that is important for the induction and establishment of EMT. Moreover, the dissolution of watertight junctions is accompanied by reduced expression of clonidine and occludin proteins and the diffusion of ZO1 ([@b39-ijo-54-03-0821]).

The aim of the present study was to elucidate the role of Hsp70 in the different stages of the metastatic process. It is well known that Hsp70 renders cells resistant to apoptosis by forming a more tumorigenic environment ([@b15-ijo-54-03-0821],[@b35-ijo-54-03-0821]). In addition, evidence suggests the involvement of Hsp70 in cancer metastasis. Therefore, it is crucial to elucidate whether the absence of Hsp70 promotes cell metastasis by enabling the cancer cells to detach from the tumor and favoring their migration to other parts of the body. In this study, we constructed cancer cell lines in which Hsp70 was stably knocked down, aiming to demonstrate the crucial role of Hsp70 in anoikis, the acquisition of the mesenchymal phenotype and cell migration.

Materials and methods
=====================

Cell culture and heat shock
---------------------------

The cell lines used in the study were MCF7 (acronym of Michigan Cancer Foundation-7, a human breast adenocarcinoma cancer cell line, ATCC^®^ HTB-22™), A549 (adenocarcinomic human alveolar basal epithelial cells, ATCC^®^ CCL-185™) and HeLa (human epithelioid cervical carcinoma cell line, no. CCL 185; ATCC, Rockville, MD, USA). The human MCF7, A549 and HeLa cells were cultured in Dulbecco\'s modified Eagle\'s medium with 4.5 g glucose, 110 mg sodium pyruvate, L-glutamine (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin. The cells were grown and passaged by trypsinization. The cells were grown in a monolayer, as previously described ([@b51-ijo-54-03-0821]). In the case of heat shock, subconfluent cells were exposed to immersing dishes in a water bath set at 43.5°C for 90 min and a recovery period of another 90 min at 37°C.

Plasmid construction and stably transfected cellular clones
-----------------------------------------------------------

The DNA expression vectors pcDNA3 (Invitrogen; Thermo Fisher Scientific, Waltham, MA, USA) and pSuper-siRNA-Hsp70 ([@b52-ijo-54-03-0821]) were used for pcDNA3-siRNA-Hsp70 plasmid preparation. Specifically, the *Bam*HI-*Kpn*I (343 bp) DNA fragment of pSuper-siRNA-Hsp70 was ligated to the *Bgl*II (generating compatible ends with the *Bam*HI)-*Kpn*I DNA fragment (4,559 bp) of the pcDNA3 plasmid, creating the 5,902 bp pcDNA3-siRNA-Hsp70. This DNA plasmid contains a siRNA insert, targeting and downregulating Hsp70, under the control of the human H1 promoter. It also contains an ampicillin and neomycin selection marker, located after the SV40 promoter and ending at poly-A SV40. This construct (2 *µ*g) was stably transfected into MCF7, A549 and HeLa cells (5×10^6^) in 400 *µ*l serum-free medium, with electroporation (GenePulser, Xcell; Bio-Rad Laboratories, Inc., Hercules, CA, USA). Transfected and stable clones were selected, subcloned by limiting dilution and maintained in 500 *µ*g/ml of G418. The selection of cells containing stably integrated copies of the transfected plasmid was accomplished by the addition of Geneticin (G-418: BRL-Gibco; Thermo Fisher Scientific, Inc.; 11811-031) to the medium at a concentration of 700-1,000 *µ*g/ml.

Antibodies
----------

The antibodies used in our experiments were as follows: Anti-Hsp70 antibody (a mouse monoclonal antibody that specifically binds to human HSP70A1A; dilution, 1:2,500; cat. no. SPA-810; StressGen Biotechnologies Corporation, San Diego, CA, USA); anti-α-tubulin antibody (dilution, 1:10,000; cat. no. T5168; Sigma-Aldrich; Merck KGaA); anti-Annexin V-fluorescein isothiocyanate (FITC) antibody (dilution, as proposed by the manufacturer in the staining protocol; cat. no. 556420, BD Pharmigen™; BD Biosciences, Franklin Lakes, NJ, USA); and anti-occludin antibody (dilution, 1:1,000; cat. no. ab31721, Abcam, Cambridge, UK). The EMT kit (Epithelial-Mesenchymal Transition Antibody Sampler kit \#9782; Cell Signaling Technology, Inc., Danvers, MA, USA,) containing antibodies against β-catenin (dilution, 1:1,000), E-cadherin (dilution, 1:1,000), N-cadherin (dilution, 1:1,000), vimentin (dilution, 1:1,000) and Slug (dilution, 1:1,000).

Cell extract and western blot analysis
--------------------------------------

Control and heat-treated cells were harvested, washed with phosphate-buffered saline (PBS; 139 mM NaCl, 5.4 mM KCl, 0.37 mM Na~2~HPO~4~, 0.44 mM KH~2~PO~4~ and 4.16 mM NaHCO~3~) and resuspended in RIPA buffer \[50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1% (v/v) Triton X-100, 1% (w/v) sodium deoxycolate, 0.1% (w/v) sodium dodecyl phosphate (SDS)\] supplemented with 1 mM PMSF, 1 *µ*g/ml leupeptin and 1 *µ*g/ml pepstatin. Lysates were prepared as previously described ([@b24-ijo-54-03-0821]) and mixed with SDS sample buffer until 1X final concentration \[62.5 mM Tris-HCl, 3% (w/v) SDS, 10% (v/v) glycerol, 5% (v/v) 2-mercaptoethanol, 0.01% (w/v) bromophenol blue\]. Prior to use, protein extracts (20 *µ*g/sample) were boiled for 3 min at 95°C and analyzed by 10% SDS-polyacrylamide gel electrophoresis and subsequently by western blot analysis using nitrocellulose membranes (Hybond C, Amersham; GE Healthcare Life Sciences, Little Chalfont, UK). The blots were blocked overnight at 4°C and then incubated with the primary antibodies for 1 h at room temperature, rinsed with Tris-buffered saline/Tween-20 and incubated with peroxidase-conjugated secondary antibodies, specifically with anti-mouse IgG-HRP (cat. no. 31430; dilution, 1:5,000) and anti-rabbit IgG-HRP (cat. no. 31460; dilution, 1:5,000; Pierce/Thermo Fisher Scientific) for 45 min at room temperature. Protein expression was detected with the enhanced chemiluminescence\'s method (SuperSignal West Pico, Chemiluminescent Substrate CA 47079; Pierce; Thermo Fisher Scientific, Inc.).

Immunofluorescence-confocal microscopy
--------------------------------------

The control or heat-shocked (43.5°C, 90 min) parent and stably transfected MCF7, A549 and HeLa cells were grown on coverslips and subjected to indirect immunofluorescence ([@b12-ijo-54-03-0821]). In brief, the cells were washed with PBS, fixed with 2% formaldehyde for 10 min and permeabilized for 3-5 min with absolute methanol. The cells were then washed with PBS, incubated in 3% BSA to prevent non-specific staining and subjected to incubation with the appropriate antibodies. For the Hsp70 scoring, we used 1.5-*µ*g anti-Hsp70/ml sample (2% paraformaldehyde in PBS) containing 1×10^6^ cells. Images were captured using a Leica TCS-SP confocal microscope, equipped with an argent-crypt laser and Leica TCS software (Leica Microsystems GmbH, Wetzlar, Germany). The stimulation of FITC and TRITC was achieved using wavelengths of 488 and 568 nm, respectively.

Detection of Hsp70 and apoptosis by flow cytometry
--------------------------------------------------

To detect Hsp70 expression in the cell lines, a specific antibody was used that only detects inducible Hsp70 (HSP70A1A). The measurement of apoptosis was performed by flow cytometry and propidium iodide/Annexin V-FITC staining. The cells were processed as previously described ([@b24-ijo-54-03-0821]) and cytometric analysis was performed in a Partec ML flow cytometer (CyFlow ML, Partec, Munster, Germany); the results were analyzed using Partec FloMax software.

Activation of anoikis by poly-2-hydroxyethyl methacrylate (poly-hema)
---------------------------------------------------------------------

The cells were grown in suspension on plates coated with polyhema, which prevents cellular attachment, in order to induce anoikis apoptosis *in vitro*. The lack of cell anchorage leads to decreased cellular development and, eventually, cell death. More specifically, a poly-hema solution 20 mg/ml in 95% EtOH, was prepared by stirring for several hours at 50°C. The empty Petri dishes (10 cm) were covered by the addition of 4 ml of the poly-hema solution and were allowed to dry. Prior to use, the dishes were sterilized by UV irradiation and washed twice with 5 ml PBS (1X).

Migration and wound healing assays
----------------------------------

The wound healing assay is used to measure the metastatic ability of cells *in vitro*. The cells were seeded in 6-well plates (0.25×10^6^ cells/well). After becoming confluent, the cell monolayer was scratched using a p200 tip. The cells were washed twice with 1X PBS, new culture medium was added and wound healing was recorded at 12, 24, 48 and 72 h of culture. For quantification, images of 4 random fields along the scratch were captured. Identical rectangles with a width corresponding to the width of the original scratch were designed in these fields. Migrated cells were counted under an inverted microscope (Eclipse TS100; Nikon Europe B.V., Amsterdam, The Netherlands) and data were normalized to the number of cells migrated in the control ([@b53-ijo-54-03-0821]).

Statistical analysis
--------------------

Data are expressed as the means ± standard deviation (SD) and all experiments were performed in triplicate. The determination of statistical significance of the differences in the comparisons of our results was performed using Student\'s t-tests. For the statistical evaluation of differences between groups, were performed using the one-way analysis of variance model (ANOVA) and Tukey\'s or Dunn\'s tests for post hoc comparisons. P-values \<0.05 were considered to indicate statistically significant differences.

Results
=======

Downregulation of Hsp70 in cancer cell lines by siRNA technology leads to phenotypic alterations
------------------------------------------------------------------------------------------------

Stably transfected MCF7, A549 and HeLa cell lines with Hsp70 downregulation were generated by transfection with the electroporation of parent cells with the plasmid pcDNA-Hsp70-siRNA carrying hsp70-siRNA sequences ([Fig. 1A](#f1-ijo-54-03-0821){ref-type="fig"}). Several clones were selected after culturing the cells in the presence of the appropriate antibiotic, as described in the Materials and methods. Initially, we detected changes in the cell phenotype, as well as the inability of cells to form tight connections. Furthermore, the cells were elongated and the spaces between them were enlarged. Identical changes were observed in all 3 cell lines under investigation ([Fig. 1B](#f1-ijo-54-03-0821){ref-type="fig"}).

Half of the plates from each cell line were subjected to heat shock, and the cell extracts were examined by western blot analysis ([Fig. 1C](#f1-ijo-54-03-0821){ref-type="fig"}) using specific antibody for Hsp70 identification. This analysis revealed that none of the 3 cell lines in the knockdown experiments expressed Hsp70, not even following exposure to heat shock.

Flow cytometric analysis of intracellular Hsp70, using the same anti-Hsp70 antibody and mouse IgG-FITC as an isotype control, was applied to confirm the absence of Hsp70. The absence of Hsp70 expression following Hsp70 gene silencing was confirmed in all 3 cell lines, and representative results in MCF7 cells are illustrated in [Fig. 1D](#f1-ijo-54-03-0821){ref-type="fig"}.

After the first observations, we aimed to identify factors associated with EMT by the downregulation of Hsp70, the destabilization of the cadherin dimer molecules and the deregulation of the β-catenin protein, which are known to be involved in the Wnt signaling pathway.

Hsp70 is essential for the assembly of intercellular complexes among cadherins and catenins in cancer cells
-----------------------------------------------------------------------------------------------------------

Several studies have suggested that the β-catenin signaling pathway plays an important role in EMT. It has already been demonstrated that E-cadherin downregulation releases β-catenin from the junctions; subsequently, β-catenin translocates to the nucleus where, in a complex with the TCF cofactor, transactivates several growth-promoting and antiapoptotic genes ([@b54-ijo-54-03-0821]-[@b56-ijo-54-03-0821]). However, there is no direct evidence suggesting a possible crosstalk between Hsp70 and the β-catenin pathway to be essential for the establishment of EMT.

In this study, to elucidate whether the absence of Hsp70 affects β-catenin and induces EMT, indirect immunofluorescence was applied to detect β-catenin in A549 and HeLa control cells, as well as in the corresponding Hsp70-silenced cell lines. In normal cells, β-catenin is expected to be in a complex with intracellular E-cadherin in epithelial cells. In cells that have acquired mesenchymal-like characteristics, the expression of E-cadherin is downregulated, and the free β-catenin either accumulates in the cytoplasm, where it is degraded by the proteasomal pathway, or the free β-catenin translocates to the nucleus where it engages in transcription.

As shown in the HeLa cells ([Fig. 2](#f2-ijo-54-03-0821){ref-type="fig"}), β-catenin is mainly located peripherally in the cell, but a small part of it is located within the cytoplasm. This may explain why the absence of E-cadherin results in the release of β-catenin. In the A549 cells, β-catenin is only confined to the periphery of the cell, where it combines with the intracellular E-cadherin. Following the gene silencing of Hsp70, free β-catenin accumulates and diffuses into the cytosol. This indicates that β-catenin is released from the complexes and diffuses into the surrounding environment. In none of the above-mentioned cases was β-catenin translocated in the nucleus to act as a transcriptional factor for the induction of EMT under our conditions ([Fig. 2](#f2-ijo-54-03-0821){ref-type="fig"}).

In the HeLa cells, β-catenin appeared to accumulate somewhat further away from the membrane, indicating that, in these cells, cadherin-catenin complexes have been diminished, resulting in the loss of interactions between adjacent cells.

HSP70 gene silencing reduces the accumulation of E-cadherin
-----------------------------------------------------------

As mentioned above, the loss of Hsp70 led to the disruption of intercellular junctions in various cancer cell lines. One exception among the studied cell lines was the HeLa cells, in which E-cadherin expression and accumulation was absent in the parental cells ([Fig. 3](#f3-ijo-54-03-0821){ref-type="fig"}). In the literature, E-cadherin has been reported to be an intercellular adhesion molecule that participates in homotypic, calcium-dependent interactions to form adhesion bonds between adjacent cells. The loss of E-cadherin expression is often correlated with the early stages of EMT ([@b57-ijo-54-03-0821]).

We noted that the absence of Hsp70 was accompanied by the deregulation of E-cadherin expression in the tested cell lines, further confirming our hypothesis that the destruction of the cadherin-catenin complexes induces the affected cells to acquire a mesenchymal phenotype. In the HeLa cells, however, this hypothesis could not be confirmed, as the parental HeLa cells did not express E-cadherin ([Fig. 3](#f3-ijo-54-03-0821){ref-type="fig"}).

As confirmed by the literature, EMT is a process with several intermediate steps ([@b58-ijo-54-03-0821]). In fact, the absence of E-cadherin in the parental HeLa cells suggests that these cells \'escape\' from the epithelial phenotype and proceed directly towards the mesenchymal one. On the contrary, E-cadherin accumulates on the membranes of A549 cells (green fluorescence) and disappears in A549-siRNA-Hsp70 cells ([Fig. 3](#f3-ijo-54-03-0821){ref-type="fig"}). Similar results were obtained in MCF 7 cells (data not shown).

Hsp70 is involved in the anoikis of cancer cells
------------------------------------------------

It is well known that the detachment of a tumor cell from the tumor, or from the neighboring cells in culture, leads to anoikis. The mechanism underlying anoikis is initiated by the destruction of the cadherin-catenin complexes. Of note, our results predicted that the presence of Hsp70 stabilizes the E-cadherin-catenin complexes, as its loss results in the detachment of adjacent cells, as it is shown in [Figs. 2](#f2-ijo-54-03-0821){ref-type="fig"} and [3](#f3-ijo-54-03-0821){ref-type="fig"}.

Anoikis was investigated in the same cancer cell lines by activating the apoptotic pathway with poly-hema (see Materials and methods). It was observed that, in the cell lines without Hsp70 expression, there was a higher percentage of cell death compared with that in the parental cells ([Fig. 4](#f4-ijo-54-03-0821){ref-type="fig"}). Of note, the percentage of cells undergoing anoikis was \>50%, even after 8 h. On the contrary, the parental cells, which retained Hsp70 expression, were more resistant and exhibited a significantly lower percentage of apoptosis.

Therefore, if we accept that the cells cultured in the presence of poly-hema proceed directly into the second stage of anoikis, which occurs following their isolation from the rest of the cells, we can then predict that these cells escape death, acquire a mesenchymal phenotype and become migratory and metastatic. The role of Hsp70 until the cells reach their final destination was examined in subsequent experiments.

Absence of Hsp70 causes the cells to acquire a mesenchymal-like phenotype
-------------------------------------------------------------------------

Furthermore, the probability of cell transition to a mesenchymal phenotype due to the absence of Hsp70 was investigated. Known markers, such as E-cadherin, occludin, N-cadherin, Vimentin and Slug, were used to describe EMT ([Fig. 5](#f5-ijo-54-03-0821){ref-type="fig"}).

Initially, MCF7 and stably transfected MCF7-siRNA-Hsp70 cancer cells were phenotypically screened and then lysed and subjected to western blot analysis to detect the expression levels of E-cadherin. A substantial reduction of E-cadherin expression, a marker used to indicate the epithelial cell origin, was observed in the MCF7-siRNA-Hsp70 cells compared with parental MCF7 cells. In addition, the cells in which Hsp70 was knocked down had lost their ability to adhere to each other, as observed at the onset of the experimental procedure. However, the MCF7-siRNA-Hsp70 cells, which had lost cell-cell adhesions after Hsp70 knockdown, did not express E-cadherin ([Fig. 5](#f5-ijo-54-03-0821){ref-type="fig"}). Another indication that the MCF7-siRNA-Hsp70 cells had acquired a mesenchymal phenotype was the increased expression of several mesenchymal markers, such as N-cadherin, vimentin and Slug ([Fig. 5](#f5-ijo-54-03-0821){ref-type="fig"}). All the above-mentioned results lead to the conclusion that the absence of Hsp70 induces cell transition from an epithelial to a mesenchymal phenotype. To generalize our observations, we conducted similar experiments using the A549 and HeLa cell lines, obtaining identical results. Indeed, the combination of accumulation of N-cadherin, vimentin and Slug proteins, and the decrease in E-cadherin and occludin expression confirmed the transition of cells from epithelial to mesenchymal due to the absence of Hsp70 ([Fig. 6](#f6-ijo-54-03-0821){ref-type="fig"}). We used α-tubulin to ensure that equal protein amounts were loaded from each sample. Therefore, it is clear that Hsp70 silencing converts the cells to mesenchymal and increases cell motility, which are features characterizing metastatic cells.

Finally, the EMT process, which occurred due to the absence of Hsp70, was broadly applied to all the cancer cell lines that have been investigated.

Hsp70 downregulation enhances cancer cell migration ability
-----------------------------------------------------------

The wound healing assay was used to evaluate the migratory capacity of the studied cells ([@b59-ijo-54-03-0821]). Images were captured, cell migration was calculated in the selected areas and data between cell cultures were compared. On plates with confluent cell monolayer, scratches of the same size were created. Cell migration was evaluated by the motility of cells located in the area of scratch. In cell cultures lacking Hsp70, healing was completed more rapidly compared with the control cell cultures ([Fig. 7](#f7-ijo-54-03-0821){ref-type="fig"}). In particular, HeLa-siRNA-Hsp70 healing occurred within 24 h, as opposed to HeLa cells, in which complete healing was observed after at least 36 h ([Fig. 7A and B](#f7-ijo-54-03-0821){ref-type="fig"}). The same experiments were performed in the other cell lines, obtaining similar results. As expected, wound healing occurred more rapidly in the cells lacking Hsp70 ([Fig. 7A](#f7-ijo-54-03-0821){ref-type="fig"}).

Finally, at 36 h after scratching, the wound remained open in the Hela cells that expressed Hsp70 at high levels ([Fig. 7A and B](#f7-ijo-54-03-0821){ref-type="fig"}). Although this result may initially appear contradictory to part of the international bibliography, this is actually not the case, as will be explained in the Discussion below. In order to compare the migration ability of the cancer cell lines under our experimental conditions, the integrity of the junctions between cells formed by adhesion molecules, which are negative factors of migration, should also be taken into consideration ([Fig. 8](#f8-ijo-54-03-0821){ref-type="fig"}, upper and middle panels). Thus, it may be suggested that the absence of Hsp70 enhances the migratory ability of cells compared with those that retain high expression levels of Hsp70.

Therefore, it may be concluded that Hsp70 gene silencing promotes cancer cells to acquire a mesenchymal phenotype. This change confers an increased migratory ability, as proposed in the hypothetical model ([Fig. 8](#f8-ijo-54-03-0821){ref-type="fig"}, lower panel).

Discussion
==========

Hsp70 is known to be a powerful chaperone, whose expression is induced in response to a wide variety of physiological and environmental insults, allowing the cell to survive under lethal conditions. Hsp70 has long been considered to be involved in tumorigenesis and cancer metastasis. Its overexpression is observed in a wide range of human cancers and is implicated in tumor cell proliferation, differentiation, invasion, metastasis, death and recognition by the immune system ([@b60-ijo-54-03-0821]). Furthermore, it has been proven that the knockdown of Hsp70 in cervical, bladder, breast and endometrial cancer cell lines reduces invasiveness and propensity for metastasis ([@b61-ijo-54-03-0821],[@b62-ijo-54-03-0821]).

Although Hsp70 overexpression is considered to contribute to a pre-cancerous environment ([@b35-ijo-54-03-0821]), and that its presence allows the onset and progression of a number of types of cancer ([@b53-ijo-54-03-0821]), there is currently no direct evidence that it causes cancer. In addition, mice overexpressing Hsp70 ([@b14-ijo-54-03-0821]) do not exhibit increased carcinogenesis and survive longer compared with wild-type mice ([@b24-ijo-54-03-0821]). We herein present the dual function of Hsp70 which, on the one hand, contributes to maintaining the integrity of the tumors and, on the other hand, acts against the metastasis of tumor cells in the tumor.

Although available data indicate the important role of Hsp70 in tumorigenesis, the underlying mechanisms remain unclear. The same uncertainty characterizes the involvement of Hsp70 in metastasis. In the present study, existing or newly prepared cancer cell lines were used. The main objective was to investigate the involvement of Hsp70 in metastasis and specifically its role during EMT, a subject that has not been adequately explored. Therefore, morphological and molecular characteristics were selected to indicate EMT status, including the loss of intercellular connections, cell elongation, increased migration and resistance to anoikis ([@b63-ijo-54-03-0821]).

Initially, the appropriate sequence derived from the human Hsp70 gene was used to generate the efficient gene silencing of Hsp70 mRNAs. This sequence was selected by an Oligo Engine program and inserted into a suitable expression vector creating the pSuper-siRNA-Hsp70 plasmid. α plasmid vector carrying a DNA insert was then constructed to express siRNA for gene silencing of Hsp70 named pcDNA3-siRNA-Hsp70. Using this plasmid, stably transfected cell lines were created, named A549-siRNA-Hsp70, MCF7-siRNA-Hsp70 and HeLa-siRNA-Hsp70. In these cell lines, the downregulation of Hsp70 was achieved in \>90% of the total cell population. The next step would be to discover and comprehend the unique characteristics of the new cell line. Initially, we noted that Hsp70 silencing led to profound changes in the morphology of the cells, which became more elongated and lost their connection to neighboring cells, features typically observed during EMT. EMT is a cellular process that mimics a metastatic step *in vivo*. Bearing in mind the significant changes in the shape of the cells, we were interested in studying in detail the role of Hsp70 during EMT. It is well known that the sequence of events occurring during metastasis include the dispersion of a cancer cell from the primary to a metastatic site, the dislocation and destruction of intracellular connections, the overcoming of anoikis and the ability of the metastatic cell to migrate from the primary tumor to distant locations.

E-cadherin is classified among the intermediate cell junction proteins associated with the actin filament network via the catenins ([@b64-ijo-54-03-0821]). In immunofluorescence experiments ([Fig. 3](#f3-ijo-54-03-0821){ref-type="fig"}) using confocal microscopy, it was demonstrate that the absence of Hsp70 caused the disorganization of E-cadherin. As shown in [Fig. 2](#f2-ijo-54-03-0821){ref-type="fig"}, β-catenin was markedly concentrated and focused in the membranes of A549 cells. Alongside, in the A549-siRNA-Hsp70 cells, its focus was overturned and exhibited a scattered distribution. Moreover, our findings support the hypothesis depicted in our model ([Fig. 8](#f8-ijo-54-03-0821){ref-type="fig"}), in which the loss of Hsp70 disrupts the complexes of cadherins with p120, α- and β-catenins and their association with actin filaments.

In addition, to the best of our knowledge, the present study is the first to provide evidence that loss of Hsp70 sensitizes cells to anoikis, a well-characterized type of cell death, due to their detachment from the cell surface and their isolation from the neighboring cells. It has been well documented that, when epithelial cells are detached from each other and from the ECM, they undergo anoikis. However, further molecular modifications render the cells resistant to anoikis and induce the expression of metastatic characteristics. Previous studies have demonstrated the important contribution of Hsp70 to DNA damage repair, oxidative stress, heat shock and other cellular processes ([@b12-ijo-54-03-0821],[@b16-ijo-54-03-0821]). In this study, investigating the role of Hsp70 in anoikis in the 3 cancer cell lines demonstrated that Hsp70 gene silencing sensitized cells to death by anoikis, as shown in [Fig. 4](#f4-ijo-54-03-0821){ref-type="fig"}.

In order to confirm the conversion of epithelial to mesenchymal cells, specific markers of the epithelial and mesenchymal phenotype were selected. In particular, E-cadherin and occludin, which are epithelial markers, and N-cadherin, Vimentin and Slug, which are mesenchymal markers, were selected. The cancer cell lines used in the present study acquired a mesenchymal-like phenotype. It was investigated whether the modified cell lines had acquired new characteristic mesenchymal cell properties, such as a higher migratory capacity. As shown in [Fig. 7](#f7-ijo-54-03-0821){ref-type="fig"}, cancer cells lacking Hsp70 exhibited accelerated migration ability. A possible explanation of cells migrating rapidly was their loss of intercellular connections isolation from the rest of the cell colony. This appears to be achieved by the absence of Hsp70, which contributes to the formation of complexes that serve cellular adhesion. The observed greater mobility when Hsp70 was absent was not due to the different degree of proliferation. Experiments conducted in parallel during the same wound healing period have demonstrated that, at least for the time of wound healing (\~36 h after creating the wound), the cells exhibited a similar proliferative capacity (data not shown).

It has heretofore been hypothesized that the ability of cancer cells to promote EMT and subsequent metastasis is increased when Hsp70 is downregulated. A previously published article supporting a similar hypothesis indicate specific mechanisms for the effect of Hsp70 on EMT, which are activated via different stimuli and, more specifically, that Hsp70 can play a protective role against TGF-β2-induced EMT-enhancing cell survival ([@b65-ijo-54-03-0821]). Additional articles support the involvement of Hsp70 in the TGF-β-mediated inhibition of EMT ([@b66-ijo-54-03-0821]). It has also been suggested that HSP70 inhibits the MAPK/EKK and TGF-β/Smad signaling pathways, thus protecting peritoneal mesothelial cells (PMCs) from EMT caused by the advanced glycation end products (AGEs) ([@b67-ijo-54-03-0821]). Furthermore, there are indications that HSP70 decreases the receptor-dependent phosphorylation of Smad2, blocking TGF-β-induced EMT ([@b68-ijo-54-03-0821]), while inhibiting EMT of PMCs primarily by attenuating Smad3 and Smad4 activation and reducing the release of reactive oxygen species ([@b69-ijo-54-03-0821]). In addition to the aforementioned findings, it may be hypothesized that the inability of cells to construct E-cadherin linkages with neighboring cells, due to the absence of Hsp70, allows cells to migrate more freely. By contrast, as shown in [Fig. 8](#f8-ijo-54-03-0821){ref-type="fig"} (middle panel), cells in the presence of Hsp70 retain E-cadherin linkages intact and, therefore, enter a delay phase. This suggestion is enhanced by the previous observation that correlates E-cadherin downregulation with increasing cell migration ([@b44-ijo-54-03-0821]).

The factors contributing to EMT are known to be implicated in several processes, such as occurrence and progression ([@b70-ijo-54-03-0821]-[@b74-ijo-54-03-0821]). In the Hsp70-EMT model, as shown in [Fig. 8](#f8-ijo-54-03-0821){ref-type="fig"} (lower panel), Hsp70 appears to be strongly implicated in the regulation of the EMT pathway. In the absence of Hsp70, the cancer cells transitioned to a mesenchymal state, which is known to be highly migratory. Therefore, Hsp70 may represent a promising therapeutic target against cancer metastasis; however, more extensive research is required to confirm the findings of our model.

Finally, given the fact that metastasis is the main cause of treatment failure in cancer and the leading cause of cancer-related mortality ([@b75-ijo-54-03-0821]), further research is required to identify novel inhibitors of metastasis and decode their mechanisms of action to further prolong cancer patient survival ([@b76-ijo-54-03-0821]).
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Hsp70

:   heat shock protein 70 (also known as HSP70A1A)

EMT

:   epithelial-to-mesenchymal transition

poly-hema

:   poly(2-hydroxyethyl methacrylate)

![Construction of stably transformed cancer cell lines subjected to Hsp70 gene silencing. (A) HeLa, A549 and MCF-7 cells were transfected with pcDNA3-siRNA-Hsp70 plasmid. Stably transfected cells were isolated using G418 as a selection marker. (B) Cell lines without Hsp70, exhibited a different phenotype similar to that of mesenchymal cells. (C) MCF-7, MCF7-siRNA-Hsp70, A549, A549-siRNA-Hsp70, MCF7 and MCF7-siRNA-Hsp70 cells were heat treated (+) at 41.5°C for 120 min with 90 min recovery at 37°C. RIPA cell extracts were subjected to SDS-PAGE and western blot analysis using monoclonal antibody specific for the inducible Hsp70 and α-tubulin for normalization. (D) Identification of Hsp70 by flow cytometry.](IJO-54-03-0821-g00){#f1-ijo-54-03-0821}

![The A549, A549-siRNA-Hsp70, HeLa and HeLa-siRNA-Hsp70 cells were analyzed for β-catenin by indirect immunofluorescence and confocal microscopy (for more details see in Material and methods). Primary antibodies specific for β-catenin and secondary antibodies conjugated with FITC were used. The nuclei were stained with propidium iodide (PI). The inserts of the figure are derived from the same experiment. The results were confirmed by 4 different experiments.](IJO-54-03-0821-g01){#f2-ijo-54-03-0821}

![Confocal microscopy of indirect E-cadherin immunofluorescence in HeLa, HeLa-siRNA-Hsp70, A549 and A549-siRNA-Hsp70 cells. Primary antibodies specific for E-cadherin and FITC-conjugated secondary antibodies were used. The nuclei were stained with propidium iodide (PI).](IJO-54-03-0821-g02){#f3-ijo-54-03-0821}

![A total of 2×106 cells /6cm petri dish of (A) HeLa HeLa-siRNA-Hsp70, (B) A549 and A549-siRNA-Hsp70, and (C) MCF7 and MCF7-siRNA-Hsp70 cells were cultured for 0, 4, 8, 24 and 48 h in poly(2-hydroxyethyl methac-rylate) (poly-hema)-coated plates. Following staining with propidium iodide and Annexin V fluorescent FITC-conjugated antibody, the samples were analyzed for anoikis apoptosis by flow cytometry. Each point represents the mean value ± SD of 3 measurements in three separate experiments. In all points, apart from those at 4 h, the P-values were \<0.01.](IJO-54-03-0821-g03){#f4-ijo-54-03-0821}

![(A) MCF-7 parent cells and MCF7 siRNA Hsp70 cells were cultured in 60 mm plates. RIPA cell extracts were selected and samples of 5, 10, 15, 20, 25 *µ*l were analyzed by SDS-PAGE and then subjected to western blot analysis using the corresponding specific antibodies against the arrow-labeled proteins and the chemiluminescence method. (B) The used EMT markers.](IJO-54-03-0821-g04){#f5-ijo-54-03-0821}

![HeLa, HeLa-siRNA-Hsp70, MCF7, MCF7-siRNA-Hsp70, A549, and A549-siRNA-Hsp70 cells were cultured in 60 mm plates. RIPA cell extracts were prepared, analyzed by SDS-PAGE and then subjected to western blot analysis, using specific antibodies for (A) E-cadherin, Hsp70, Vimentin and α-tubulin, or (B) against occludin, Slug and α-tubulin, and the enhanced chemiluminescence method.](IJO-54-03-0821-g05){#f6-ijo-54-03-0821}

![Comparison of cell migration of used cell lines with wound healing technique. (A) HeLa and HeLa-siRNA-Hsp70, A549, A549-siRNA-Hsp70, MCF7 and MCF-7-siRNA-Hsp70 were cultured in 6 cm petri dishes. After scratching the cells, the wound healing was recorded 12, 24 and 36 h later. Cellular migration was calculated as described in the Materials and methods. Each point represents the mean value ± SD of 3 measurements in 3 separate experiments. In all points, except that of 0 h, the P-values were \<0.01. (B) Photographic example of wound healing using HeLa and HeLa-siRNA-Hsp70 cells at the same time periods.](IJO-54-03-0821-g06){#f7-ijo-54-03-0821}

![(Upper panel) The presence of Hsp70 in cancer cells contributes to the organization of the E-cadherin dimer. (Intermediate panel) Delay of cancer cells in migration due to anchorages conferring the E-cadherin dimers that are stabilized from Hsp70. (Lower panel) Schematic representation of the model of Hsp70 anti-metastatic function on cancer cells. A hypothetical model (designed by PVe, 2018).](IJO-54-03-0821-g07){#f8-ijo-54-03-0821}
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